The development of chemotherapeutic approaches to cancer has been hampered by the toxicity of proposed agents for normal rapidly dividing cells. By using neocarzinostatin, a "prodrug" which is activated by reduction by thiol compounds, adjunctively with 6-mercaptodopamine, a thiol-containing dopamine analogue, we have been able to enhance neocarzinostatin toxicity for cells of the neural crest tumor neuroblastoma. Thiol compounds that are not neurotransmitter analogues do not act synergistically with neocarzinostatin in this system. Since most normal rapidly dividing cells do not have surface dopamine receptors, we propose this approach for the selective targeting of toxicity for neuroblastoma cells. We further introduce cell-selective activation of prodrugs as a new chemotherapeutic strategy which demands further development. (J. Clin. Invest.
Introduction
The designers of cancer chemotherapy are charged with the seemingly paradoxical duty of designing agents which are, on the one hand, cytocidal for tumor cells, and, on the other hand, not overwhelmingly toxic to normal cells. Since most chemotherapeutic strategies take advantage of quantitative, rather than qualitative, differences between normal and neoplastic cells, many chemotherapeutic agents are extremely toxic to normal tissues. This is especially true for normal tissues with high mitotic rates (1) . Studies in our laboratory aimed at designing new chemotherapeutic strategies for neuroblastoma, a neural crest tumor, take specific advantage of the neural characteristics of such cells. Using a "prodrug", which must be activated to be toxic, along with novel activating agents which are chemical analogues of neurotransmitters, we can specifically enhance prodrug activation (and thereby increase cytotoxicity) in neural crest cells.
Neocarzinostatin is an antimitotic natural product consisting ofa chromophore and a protein of 10 kD molecular mass to which it is noncovalently bound (2) . We have previously shown that neocarzinostatin is antimitotic for murine neuro-blastoma cells, and that it induces these cells to adopt the morphology ofneurons (3) . Others have shown that the antimitotic activity ofneocarzinostatin is dependent upon the reduction of its chromophore by sulfhydryl groups. Both in vitro and in vivo studies have shown the relationship between sulfhydryl concentration and the cytostatic potency ofneocarzinostatin (4, 5) . We have used the approach ofenriching the sulfhydryl content of dopamine receptor-bearing cells, including neural crest tumor cells, using the sulffiydryl-containing dopamine analogue, 6-mercaptodopamine, in an effort to target and enhance the toxicity of neocarzinostatin for neuroblastoma.
Methods
Chemicals. Neocarzinostatin was obtained as a sterile solution (0.5 mg/ml) in 0.0 15 M sodium acetate buffer, pH 5, from Dr. William T. Bradner (Bristol-Myers, Wallingford, CT). 6-Mercaptodopamine was synthesized and its identity and purity confirmed by the methods of Chavdarian and Castagnoli (6). f3-Mercaptoethanol, N-acetylcysteine, buthionine sulfoximine (BSO),' and dopamine hydrochloride were obtained from Sigma Chemical Co., St. Louis, MO.
Cell culture. C1 300 murine neuroblastoma cells of the subline NB41A3 were obtained from the American Type Culture Collection, Bethesda, MD. Stock cultures were maintained as adherent cultures on plastic with F-10 Nutrient Mixture (Gibco Laboratories, Grand Island, NY) supplemented with 15% horse serum and 2.5% FCS. All cultures were incubated at 37'C. Plating of sister cultures on six-well plates (Gibco) was achieved by harvesting of stock cultures with trypsin. All such plates were incubated overnight before use in these studies.
Adjunctive treatment of NB41A3 cells with neocarzinostatin and thiols or dopaminefor determination oftheir relative potencies as enhancers ofthe biological activity ofneocarzinostatin. Sister cultures of NB41A3 cells (2 X l04 cells/well) were plated on day -1. On day 0, cultures were treated with either neocarzinostatin dissolved in complete medium, or an equal volume ofmedium. Cells were so treated for 1 h at 37°C. All wells were washed twice with serum-free F-10 Nutrient Mixture, and the cells were treated for 4 h at 37°C with one of three thiol reagents (6-mercaptodopamine, fl-mercaptoethanol, or N-acetylcysteine) or with dopamine dissolved in serum-free F-10 Nutrient Mixture. All wells were then washed twice with complete medium, and sufficient medium (4 ml) was added to each well to maintain the sister cultures for the duration ofthe study. The plates were then incubated at 37°C for the remainder of the experiment.
Pretreatment with BSO. Where indicated in the text, sister cultures ofNB41A3 cells prepared as noted above were incubated at 37°C in the presence of BSO (1 mM) for 24 h. BSO prevents glutathione synthesis and thereby reduces the intracellular sulfhydryl content. Half of the cultures so treated were assayed for sulfhydryl content by the method of Ellman (7) and for glutathione content by the method ofTietze (8) . The remaining cultures were treated with neocarzinostatin as detailed above, and incubated at 370C for the remainder of the experiment.
Competitive inhibition by dopamine ofthe action of6-mercaptodopamine. Sister cultures ofNB41 A3 cells were prepared as noted above, and were treated with neocarzinostatin followed by either 6-mercaptodopamine (52 AM) alone or 6-mercaptodopamine in the presence of dopamine (52, 130, or 260 MM). In all cases, dopamine was added to the cultures before the addition of 6-mercaptodopamine. All experimental cultures and a control sister culture treated identically except for the addition of medium rather than drug in medium were incubated at 370C for 1 h during the neocarzinostatin phase of the study and for 4 h during the 6-mercaptodopamine phase of the study. All wells were then washed free of drug and incubated at 370C for the remainder of the experiment.
Determination ofcell culture growth and degree ofmorphologic differentiation. Cell culture growth and degree ofmorphologic differentiation of the cultures were determined as we have previously described (3) . Briefly, cell counts were performed daily by counting the number ofcells per high power field. Three fields were counted per well, and the average cell count was determined. The variation in count from field to field was less than 10% in most cases, and never greater than 30%. Average cell counts for each well on each day were normalized to the average cell count for that well on day 0. Cells were considered to be "morphologically differentiated" if they fulfilled all of the following criteria: (a) extension of more than two cellular processes; (b) enlargement of the cell body by at least a factor of 2 over control cells (i.e., largest diameter of cell 2 50 Mm); and (c) at least one prominent nucleolus.
Determination ofthe relative potencies ofthiol reagents as reducing agents for neocarzinostatin in a cell-free system. The assay for thiol potency as a reducing agent for neocarzinostatin in a cell-free system depends on the fact that, when neocarzinostatin is reduced by thiols in the absence of DNA, reduced neocarzinostatin attacks itself, losing biological activity (9) . The decreased activity of the drug is assessed, in turn, by testing the ability of the preincubated neocarzinostatin/thiol mixture to alter neuroblastoma cell morphology. The degree ofdepression ofneocarzinostatin activity which results from preincubation with the thiol is, therefore, an indirect measure of the potency of each thiol as a reducing agent for neocarzinostatin.
Neocarzinostatin (50 nM) was incubated alone or in the presence of one of three thiol reagents (6-mercaptodopamine, ,B-mercaptoethanol, or N-acetylcysteine; 50 MM) in serum-free F-I0 Nutrient Mixture (pH 7.5) at 37°C for 10 min. This solution was then diluted 1:10 into the medium overlying each of four sister cultures. The degree of morphologic differentiation of the cultures was then determined as described above (3).
Results
Effects of adjunctive treatment with neocarzinostatin and 6-mercaptodopamine upon murine neuroblastoma cells. We have previously shown that neocarzinostatin is cytostatic for murine neuroblastoma cells, and that it induces neuron-like morphology in these cells in culture (3) . Incubation of sister cultures of murine neuroblastoma cells with 6-mercaptodopamine (26-134 MM) after neocarzinostatin treatment at a dose by itself sufficient to halve the culture growth rate results in a two-to threefold enhancement of the effects of neocarzinostatin upon these cells. Adjunctive treatment enhances both the antimitotic and morphology-altering effects ofneocarzinostatin (see Fig. 1 , A and B).
The family of dose-response curves for cell culture growth in the presence ofvarying doses ofneocarzinostatin and 6-mercaptodopamine are bounded at low neocarzinostatin concentration by the control culture growth rate (100%), and at high neocarzinostatin concentration by complete suppression of mitosis (cell count no different from that on day 0). For this reason, this family of curves splays out maximally at concentrations of neocarzinostatin sufficient to suppress culture growth without completely abolishing it, and the effects of 6-mercaptodopamine are most apparent in this range (see Fig. 1 , C and D). At the doses used, 6-mercaptodopamine alone has no effect upon either cell culture growth (data not shown) or cell morphology.
Role ofthiols in the effects ofneocarzinostatin upon neuroblastoma cells. To determine whether, as would be expected from previous studies (4, 5) , the sulfhydryl group is the active moiety in enhancement of the action of neocarzinostatin, we tested the effects of sequential treatment with neocarzinostatin and dopamine upon murine neuroblastoma cells. Dopamine (0-134 gM) has no effect upon the retardation of cell culture growth or the alteration of cell morphology produced by neocarzinostatin (data not shown).
To conclusively demonstrate that cellular sulfhydryls play a role in the effects of neocarzinostatin upon neuroblastoma cells, we determined the effects of inhibition of glutathione synthesis upon the action of neocarzinostatin. Glutathione is the major source of intracellular sulfhydryl groups. The ratelimiting enzyme for its synthesis can be inhibited by BSO (10). Incubation of NB41A3 cells with 1 mM BSO for 24 h reduced the intracellular sulfhydryl content from 1.4 X l0-4 to < 3.6 X l0-' nmol/cell. Similarly, the intracellular glutathione content dropped from 1.3 x 10-4 to < 3.3 X l0-5 nmol/cell with BSO treatment. Fig. 2 shows the effects of this reduction in cellular sulfhydryl content upon cell culture growth suppression (A) and the induction of morphological differentiation (B) by neocarzinostatin. Prior treatment with BSO reduces the effects of neocarzinostatin upon NB4 1A3 cells, vis-a-vis both cell culture growth rate and morphological differentiation. Like that of 6-mercaptodopamine, this effect is most pronounced in the "mid-range" of neocarzinostatin concentrations, since it is, by definition, bounded by the growth and differentiation rates of control cultures at one end of the dose range, and by the maximum possible degree of growth rate suppression and differentiation induction at the other. These results demonstrate that, in the absence of added thiols, endogenous thiols play a role in the activation of neocarzinostatin.
Role ofthe catecholamine moiety in the adjunctive effects of 6-mercaptodopamine and neocarzinostatin. Enhancement of the effects of neocarzinostatin in murine neuroblastoma cells requires the catecholamine moiety, as well as the thiol. At concentrations comparable to the effective concentrations of 6-mercaptodopamine, neither f,-mercaptoethanol nor N-acetylcysteine, two noncatecholamine thiol compounds, augments the cytostatic or morphologic (see Fig. 3 ) effects of neocarzinostatin in this system. If 6-mercaptodopamine is gaining entry into the neuroblastoma cells via their dopamine receptors, then dopamine should be able to compete with 6-mercaptodopamine at the receptor level and, if present in high enough concentration, diminish the effectiveness of 6-mercaptodopamine. Fig. 4 shows that this is indeed the case. Dopamine diminishes the degree of cell culture growth suppression and the frequency of morphologic change obtained with adjunctive treatment. This effect is dose dependent; that is, the degree of competition by dopamine increases with increasing molar excess of dopamine (tested at equimolar concentration and at two-and fourfold molar excess) over the concentration of 6-mercaptodopamine. [Drug] (AM)
Relative potencies of thiol reagents as reducing agents for neocarzinostatin in a cell-free system. To determine whether the synergy between 6-mercaptodopamine and neocarzinostatin, and the lack ofsynergy with other thiol agents, is merely the result ofa greater ability ofthe catecholamine mercaptan to chemically reduce neocarzinostatin, we tested the reducing ability of the three thiol compounds in a cell-free system. For this experiment, we used the degree of depression of neocarzinostatin activity which results from preincubation with each thiol as an indirect measure ofthe potency ofthat thiol as a reducing agent for neocarzinostatin. As Table I shows, preincubation of neocarzinostatin with either f3-mercaptoethanol, N-acetylcysteine, or 6-mercaptodopamine gives comparable degrees of inactivation of neocarzinostatin, as judged by the decreased ability of the preincubated solution to induce morphological change in neuroblastoma cells.
Discussion
The studies described herein demonstrate that the dose-response curve ofmurine neuroblastoma cells to the antineoplas- tic agent, neocarzinostatin, can be shifted in the direction of increased potency by the use of the thiol-containing catecholamine, 6-mercaptodopamine. Despite potency equal to that of 6-mercaptodopamine as reductants of neocarzinostatin in cellfree systems, other noncatecholamine thiols are not effective as enhancers of the biological activity of neocarzinostatin in neuroblastoma cells. It is most likely that specific uptake and concentration of the catecholamine mercaptan is responsible for its greater pharmacological activity relative to the other thiol compounds, especially since dopamine competes with 6-mercaptodopamine in this paradigm. That the catecholamine structure alone is not sufficient to enhance the biological activity of neocarzinostatin is shown by the lack of enhancement with dopamine as an adjunctive agent.
Neocarzinostatin has been used in phase I and II studies in adults and has shown some activity against tumors of the urinary tract and prostate (1 1, 12) . The discrepancy between its broader spectrum of activity and greater efficacy in vitro than in vivo is thought to be due to problems with penetration ofthe drug into tissues and with its relatively short half-life in vivo. In addition, its generation of anaphylactic responses in several fl-Mercaptoethanol 10±1 NCZ (50 nM) was incubated alone or in the presence of SHDA, NAcCys, or #ME (50 AM) in serum-free Nutrient Mixture F-l0 (pH 7.5) at 370C for 10 min. This solution was then diluted 1:10 into the medium overlying each of four sister cultures. Percent differentiation of the cells was determined as we have previously described (3). The value for neocarzinostatin incubated in the absence of added thiol reagent (None) differs from that for incubation with 6-mercaptodopamine with a P maximally 0.02 (one-tailed Student's t test). The values for 6-mercaptodopamine, N-acetylcysteine, and (3-mercaptoethanol are not significantly different from one another (P > 0.05).
patients treated with multiple doses (13) , has led to the curtailment of clinical trials in this country. Recent studies suggest that these problems can be overcome by substitution of synthetic polymers for the protein component of neocarzinostatin (14, 15) .
Neuroblastoma is the single most common solid tumor of childhood. Children with metastatic disease, treated with the most aggressive combinations of surgery, radiation therapy, and chemotherapy, have only a 5-15% five-year survival rate. This figure has not changed in the last two decades (16) . More recent approaches to neuroblastoma have included autologous bone marrow transplantation subsequent to the "purging" of neuroblastoma cells from the marrow (17) . The use ofso-called differentiation-inducing agents for this purpose has been hampered by the need for agents such as retinoic acid and dibutyryl cAMP to be constantly present for long periods oftime to effect terminal physiological changes in the cells (18, 19) . Our studies show that neocarzinostatin need only be present for 1 h to obligate morphological change and subsequent cell death (3). This feature, and the fact that the drug could be washed out completely before reinfusion ofmarrow, obviating the problem of anaphylaxis to the agent, would make neocarzinostatin a practical alternative to more conventional differentiation-inducers. The adjunctive use of neocarzinostatin and 6-mercaptodopamine would be expected to increase the therapeutic index of neocarzinostatin by augmenting the cytotoxicity of the agent for neuroblastoma cells relative to that of marrow stem cells.
The present paper introduces the novel chemotherapeutic strategy oftargeted conversion ofa prodrug into an active antimitotic agent. This differs substantially from previous chemotherapeutic approaches, which have used maximally toxic agents, and have depended upon quantitative differences between tumor and normal cells or the use ofadjunctive drugs to "protect" or "rescue" normal cells from toxicity. Furthermore, the strategy described herein takes specific advantage of the presence of dopamine receptors on neuroblastoma cells. The potential specificity of this approach is twofold. On the one hand, although normal dopaminergic cells would be expected to take up 6-mercaptodopamine, activated neocarzinostatin, an antimitotic agent, should be minimally toxic to this relatively static cell population. On the other, although neocarzinostatin would ordinarily be toxic to rapidly dividing nonneural cells, these cells would not be expected to take up 6-mercaptodopamine, and the low doses of neocarzinostatin which adjunctive treatment facilitates would not by themselves be expected to be toxic. This approach therefore forms a prototype for the development of new chemotherapeutic strategies which take advantage of the physiological characteristics of both the targeted cell population and the excluded cell population.
